The role of testosterone on sexual desire, interest and motivation is well established, but its effects on erectile function remain controversial. Animal data show that experimental or medical castration results in loss of the intracavernosal pressure, smooth muscle/connective tissue balance, and penile tissue concentration of nitric oxide synthase-containing nerves, which alter the fibroelastic properties of penile tissue compliance, leading to veno-occlusive dysfunction and therefore erectile dysfunction. Castration also induces apoptosis of penile erectile tissue, and new DNA synthesis is induced by treatment with testosterone. In an animal model of venogenic erectile dysfunction, intracavernous vascular endothelial growth factor (VEGF), in addition to testosterone, restores the smooth muscle/connective tissue balance, endothelial cell hypertrophy and hyperplasia and normalizes the diameter of the dorsal nerve fibres, thereby preventing veno-occlusive dysfunction. There is some evidence that treatment with testosterone may be beneficial to men with erectile dysfunction who have low baseline testosterone levels. Androgens may also control the expression and activity of phosphodiesterase type-5 (PDE-5) in the penile corpus cavernosum. Oral drug therapy with PDE-5 inhibitors fails in some patients with erectile dysfunction. However, when testosterone is used together with a PDE-5 inhibitor, sexual function is restored in these patients, creating the potential for pharmacological combination therapy with testosterone for the treatment of erectile dysfunction. WPMH GmbH. Published by Elsevier Ireland Ltd.
Introduction
Male erectile function involves a complex interplay between physiological, behavioural and interpersonal factors. Androgens have a profound effect on male development and sexual function in general and erectile physiology in particular. The prevalence and severity of erectile dysfunction progressively increase with age in healthy men [1, 2] . Although testosterone has been associated with erectile dysfunction, it remains unclear whether it maintains sexual function at all ages. This review highlights the role androgens play in sexual function, with particular emphasis on erectile function and penile erectile tissue in ageing men.
Physiological role of testosterone in erectile dysfunction
Erectile function is a neurovascular event that is modulated by several factors, including penile injury/disease, medications and hormones. Thus, hormonal changes (loss of androgens) may ultimately lead to erectile dysfunction. In addition, erectile function is dependent on the tissue structure and fibroelastic properties of the corpus cavernosum. Any alteration in the structural, vascular or neural components of penile tissue will modify erectile function.
Androgens play a key role in male sexual development and function. It is clearly established that testosterone affects sexual desire, interest and motivation, but its role in erectile function remains controversial. Although declining androgen levels and reduced sexual interest and activity appear to be related to the natural ageing process in men, there is little evidence of any clear association between androgen levels and erectile function [2] . Most studies investigating the role of androgens on erectile function have focused on androgen modulation of the nitric oxide/cyclic guanylate monophosphate biochemical pathway. Few studies have investigated the effects of androgens on the smooth muscle/connective tissue balance and the changes in the compliance of the corpus cavernosum. To explore this further, the effect of androgen depletion and replacement on the functional responses of the penile corpus cavernosum in the rabbit [3, 4] was examined.
Depletion of androgens by surgical or medical castration significantly reduced the intracavernosal pressure; testosterone replacement restored the intracavernosal pressure. In the castrated rabbits, phosphodiesterase type-5 (PDE-5) activity was not significantly reduced. Similarly, treatment with a PDE-5 inhibitor alone was ineffective in restoring erectile function. However, androgen replacement restored erectile function and increased PDE-5 activity, suggesting that PDE-5 is an important regulator of this pathway, and that testosterone may normalize the function of erectile tissue by upregulating PDE-5. Castration significantly reduced the trabecular smooth muscle content by about 20-23% and increased the connective tissue matrix in the corpus cavernosum. In the castrated rabbits treated with testosterone, the trabecular smooth muscle content was maintained ( Figure 1 ). Androgens therefore regulate the synthesis and deposition of the connective tissue matrix in the penis.
In the rat model of venogenic erectile dysfunction, systemic testosterone replacement or intracavernous vascular endothelial growth factor (VEGF) restores the smooth muscle/connective tissue balance, endothelial cell hypertrophy and hyperplasia and normalizes the diameter of the dorsal nerve fibres, thereby preventing veno-occlusive dysfunction ( [5] , personal communication). These findings suggest that testosterone acts via a paracrine mechanism involving VEGF to maintain the fibroelastic properties of the penile tissue, smooth muscle content, physiological function and ultimately erectile activity.
Clinical experience with testosterone in non-responders to PDE-5 inhibitors
Experimental evidence supports the role of androgens in erectile function through a direct effect on penile tissue [6, 7] . Denervation of the rat penis results in apoptosis of penile erectile tissue, suggesting that androgens have an important role in maintaining smooth muscle cell growth and functional integrity [6] . Testosterone replacement in the castrated rat results in new DNA synthesis, confirming the androgen dependence of erectile function. The primary action of androgens on trabecular smooth muscle of the rat is believed to be via the stimulation of nitric oxide synthase. Castration reduces, and testosterone replacement increases, the concentration of nitric oxide synthase-containing nerves innervating the corpus cavernosum of the rat [7] . These findings, in addition to the observation that free and total testosterone concentrations decrease with age, prompted the examination of the effect of testosterone on erectile dysfunction when used as adjuvant therapy with the PDE-5 inhibitor sildenafil in hypogonadal men who had failed to respond to sildenafil treatment alone.
In a retrospective analysis of 220 diabetic men presenting with erectile dysfunction, 120 sildenafil nonresponders were found to have hypogonadal testosterone levels (mean 6.9 nmol/L) whereas the responders had testosterone in the normal range (mean 18.6 nmol/ L). Following treatment with testosterone, significant improvements as measured by the International Index of Erectile Function (IIEF) were observed [8] . The first controlled study found that erectile function, as measured by the IIEF, improved significantly after 4 weeks of treatment with testosterone compared with placebo (Table 1) . Similar findings were observed for improvements in orgasmic function, overall total satisfaction and total IIEF score. Hypogonadal men with erectile dysfunction who are unresponsive to sildenafil alone, or any other PDE-5 inhibitor, may therefore benefit from testosterone replacement therapy in combination with a PDE-5 inhibitor.
Hypogonadism in ageing men with erectile dysfunction
The concentration of testosterone required to maintain normal sexual function appears to be relatively low. It is therefore not surprising that only weak associations have been observed between testosterone levels and sexual function. Studies investigating this possible relationship in healthy older men without erectile dysfunction have reported significant correlations between bioavailable and free testosterone levels and sexual function, including the erectile function domain of the IIEF [2] . However, there have been no reports of a correlation between sexual function and the levels of total testosterone. Studies conducted among older men with erectile dysfunction in a clinical setting have failed to find a significant association between testosterone levels and erectile dysfunction [10] . Furthermore, replacing testosterone in men with hypogonadism is only successful in improving erectile function in about 36% of men. Normalization of serum testosterone levels in men with hypogonadism and erectile dysfunction resulted in only a short-term improvement in erectile function and sexual satisfaction [11] . Most of the studies that have recorded improvements in sexual function with testosterone therapy have been in men with low baseline testosterone levels [12] . Studies in men with normal baseline levels have revealed mixed findings.
Many studies looking at the effects of testosterone therapy on sexual function have focused on young hypogonadal men, have not adjusted for age and have not been placebo controlled. Whether testosterone has a role in maintaining sexual function at all ages therefore remains unclear. Although a relationship has been reported between bioavailable levels of testosterone and sexual desire, arousal and nocturnal penile tumescence in healthy elderly men, the relationship lost its significance after adjusting for age [13] .
Having a low testosterone level is only one of the many consequences of ageing and, therefore, may not be the only cause of erectile dysfunction. It has been hypothesized that low testosterone levels may be a consequence of erectile dysfunction, rather than a cause [14] . Overall, the mechanisms explaining erectile dysfunction may include reduced sexual activity, depression and/or stress, in addition to low testosterone levels.
Several studies have shown a beneficial effect of testosterone therapy in men with hypogonadism who are unresponsive to treatment with a PDE-5 inhibitor alone. In 20 men with erectile dysfunction who had not responded to treatment with sildenafil, administration of transdermal testosterone, in combination with sildenafil on demand, significantly increased erectile function, intercourse satisfaction and overall satisfaction as measured by the IIEF. In addition, a significant increase in penile peak systolic velocity was assessed by ultrasound [15] . This was recently confirmed by Foresta et al. [16] . Based on these clinical findings, the 2nd International Consultation on Sexual Dysfunctions recommended to measure testosterone levels in all men presenting with erectile dysfunction. In case of hypogonadism, this should be corrected before further treatment options are pursued [17] .
Supplement

Summary
Testosterone regulates the synthesis and deposition of the connective tissue matrix in penile tissue to maintain its fibroelastic properties, possibly via a paracrine mechanism involving VEGF. The mechanisms involved in erectile dysfunction may include low testosterone levels, reduced sexual activity, depression and/or stress. Testosterone replacement therapy improves erectile function in hypogonadal men with erectile dysfunction, particularly in those with low baseline levels of testosterone and those who are unresponsive to a PDE-5 inhibitor alone.
